The Ho-substituted (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds with xϭ0 -0.9 have been synthesized and their structure and intrinsic magnetic properties have been investigated by x-ray diffraction and magnetic measurements. It is found that all the investigated compounds crystallize in the Nd 3 (Fe,Ti) 29 -type structure with monoclinic symmetry and A 2/m space group. The unit-cell volume V shows a decreasing tendency with increasing Ho content, reflecting the lanthanum contraction. All the compounds show easy-plan type anisotropy at room temperature. The Curie temperatures T c are almost independent of the Ho content and the spin reorientation temperature, T sr , decreases with increasing Ho content from 266 K for xϭ0 to 127 K for xϭ0.7. No spin reorientation occurs for xϭ0.9. The saturation magnetization M s decreases linearly with increasing Ho content due to the antiferromagnetic coupling between Ho and Nd moments. The anisotropy field B a increases first, going through a maximum at xϭ0.5, yϭ2.0, and then decreases with increasing Ho content.
INTRODUCTION
The discovery of Nd 2 (Fe,Ti) 19 compound by Collocott et al. 1 which was later indexed to be Nd 3 (Fe,Ti) 29 with monoclinic structure and A 2/M space group has attracted much interest to the study of the rare-earth transition intermetallic compounds. Recently, the R 3 (Fe,M) 29 compounds with RϭSm, Ce, Pr, Nd, Y, Gd, Tb, and MϭTi, V, Cr, Nb, Mn et al. [2] [3] [4] [5] [6] [7] [8] have been investigated. However, up to now, the study of R 3 (Fe,M) 29 with Rϭthe heavier rare-earth elements than Tb was rarely reported due to the difficult synthesis, Wang et al. 9 reported the (Nd 1Ϫx Er x ) 3 (Fe,Ti) 29 compounds with xϭ0 -0.6, Liu et al. 10 increased the Er content to x ϭ0.8 in (Nd 1Ϫx Er x ) 3 Fe 18 Co 6 Cr 5 compounds, and no structure transition was observed in the two series compounds. But the study on Ho-based 3:29 compounds has never been reported, so it is interesting to investigate the structure and magnetic properties of Ho-based compounds. In this article, on the basis of our previous work on Nd 3 (Fe,Co,V) 29 11 compounds, a study of structure and magnetic properties of the Ho-substituted (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds was presented.
EXPERIMENT
Ingots with composition Nd 3 Fe 26.8Ϫx Co x V 2.2 were prepared by arc melting the constituent elements with a purity of at least 99.9% in an argon atmosphere. All the ingots were remelted at least four times to ensure homogenization. An excessive amount of Nd and Ho were added to compensate for the loss of Nd and Ho during melting and annealing. Then the alloys were sealed in a quartz tube and annealed under protection of argon atmosphere at 1398 K for 72 h, followed by quenching in water. X-ray diffraction ͑XRD͒ patterns and thermomagnetic analysis were employed to check the phase homogeneity. The thermomagnetic curves were measured in a vibrating sample magnetometer from room temperature to above the Curie temperature. The Curie temperatures were derived by plotting M 2 vs T and extrapolating the steep part of the curve to M 2 ϭ0. The isotherms were measured at 5 K in superconducting quantum interference device magnetometer in magnetic fields up to 5 T. Saturation magnetization M s were obtained by plotting M -1/B and extrapolating the straight line part of the curve to 1/B ϭ0, using the saturated part of the magnetization curves.
In order to measure the magnetocrystalline anisotropy field, fine-powdered particles were mixed with epoxy resin and packed in a plastic tube of cylindrical shape. For normal magnetic alignment, the epoxy was allowed to harden while the plastic tube was positioned in an applied magnetic field of about 1 T with the cylinder axis parallel to the field direction, so that the cylinder axis becomes the easy magnetization direction. In the case of rotation alignment, the epoxy hardened while the plastic tube rotated around its cylinder axis in a magnetic field that was applied perpendicular to the axis, so that the cylinder axis corresponds to the hard magnetization direction.
RESULTS AND DISCUSSION
X-ray diffraction patterns and the thermomagnetic curves show that all the compounds with xϭ0 -0.9 are of single phase and crystallize in Nd 3 (Fe,Ti) 29 -type structure. As an example, Fig. 1͑a͒ shows the XRD pattern of a random oriented powder sample of the Nd 0.6 Ho 2.4 Fe 21 Co 6 V 2 compound, which was quite well indexed based on the Nd 3 (Fe,Ti) 29 Table I . It can be seen that the unit-cell volume V shows a decreasing tendency with the increasing Ho content, which reflects the lanthanum contraction. In order to investigate the anisotropy of the compounds at room temperature, x-ray diffraction pattern of the normally aligned sample was measured as shown in Fig. 1͑b͒ . It can be seen that the ͑23-1͒, ͑40-2͒, ͑040͒, and ͑30-4͒ reflections are enhanced or remained unchanged, and the other reflections have become disappeared or much weakened after the alignment compared with those of the XRD pattern of randomly oriented powder sample of the corresponding compound shown in Fig. 1͑a͒ . This suggests that the (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds are of easy plane type of anisotropy at room temperature in the investigated Ho and V content range. Figure 1͑c͒ is the XRD pattern of the rotation-oriented sample, it can be seen that only the ͑204͒ reflection is maintained and enhanced and other reflections have become disappeared or much weakened. This suggested that the easy magnetization direction is in the plane perpendicular to the ͓204͔ direction, and therefore the ͓204͔ direction is the hard magnetization direction as obtained by rotation alignment. Figure 2 shows the thermomagnetic curves for the (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds measured in a low field of 0.05 T in temperature range from 5 K or, liquid nitrogen temperature to room temperature. It can be seen that there is a sharp peak in the curves with xϭ0 -0.7. The peak indicates a spin reorientation transition as observed in the Nd 3 (Fe,V) 29 compounds. 12 The spin reorientation temperature T sr , at which the spin reorientation occurs, was derived from the peak position in the thermomagnetic curves, is listed in Table I . It can be seen that T sr decreases drastically with increasing Ho content from 266 K for xϭ0 to 127 K for xϭ0.7. It is well known that the spin reorientation transition results from the competition between the different magnetic sublattice anisotropies, which have different types and show different temperature dependencies. It is found that in the Nd 3 (Fe,Co,V) 29 compounds the contribution to the magnetocrystalline anisotropy resulting from Fe sublattice is along the ͓40-2͔ direction, 13 the contribution from Co sublattice is along the ͓204͔ direction, 14 and the contribution from Nd sublattice is along the ͓040͔ direction. 13 Due to the negative Stevens factor ␣ J of Ho, as same as Nd, it is well accepted that the contribution from the Ho sublattice is also along the ͓040͔ direction. Therefore, it is easy to understand that the easy magnetization direction at room temperature has deviated from the ͓40-2͔ direction and achieved a certain direction 1 in the plane perpendicular to the ͓204͔ direction. With increasing Ho content, the easy magnetization direction changes from the 1 direction toward the ͓40-2͔ direction, this may result from the smaller anisotropy of the Ho sublattice compared with that of the Nd sublattice. For (Nd 0.1 Ho 0.9 ) 3 Fe 21.2 Co 6 V 1.8 because the contribution resulting from the rare earth sublattice becomes too small compared with that resulting from the transition metal sublattice, so no spin reorientation transition occurs.
The thermomagnetive curves for all the compounds were plotted in Fig. 3 . Curie temperature T c of the (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds were derived and listed in Table I . It can be seen that the Curie temperature are almost independent of the Ho content. In the R -T intermetallic compounds, there exist three exchange interactions: the T -T exchange interaction between the T magnetic moments, the R -T exchange interactions between the R and the T moments and the R -R exchange interaction between the R moments. Among them, the T -T exchange interaction is the strongest while the R -R interaction is the weakest, and the latter is usually neglected. The Curie temperature is mainly determined by T -T interaction. In the (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds, the number of the transition metals almost keep fixed, so the Curie temperature is almost independent of the Ho content.
Magnetization curves of the (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y measured at 5 K in fields up to 5 T are shown in Fig. 4 . The saturation magnetization M s was obtained by plotting M -1/B and extrapolating M 2 to zero based on the line part of the easy direction magnetization curve as listed in Table I . It can be seen that the M s decreases with increasing Ho content. In the (Nd 1Ϫx Ho x ) 3 Fe 23Ϫy Co 6 V y compounds, the content of transition metals Fe and Co keeps nearly fixed, the decrease of M s mainly comes from rare earth sbulattice contribution to the magnetization. In the present case, the decrease of M s upon the substitution of Ho for Nd results from the antiferromagnetic coupling between Ho and Nd moments. The anisotropy field B a were derived from the ⌬M -H plots by extrapolating the straight line parts to zero, where ⌬M ϭM Ќ ϪM ʈ , M Ќ and M ʈ are the magnetization measured in the easy and hard magnetization direction, respectively. The values of the B a are listed in Table I . It can be seen that the B a increases first from xϭ0 to 0.5, going through a maximum at xϭ0.5, then decreases with further increasing Ho content. 
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